RAD51C was defined by Meindl et al. in 2010 as a high-risk gene involved in hereditary breast and ovarian cancers. Although this role seems to be clear, nowadays there is controversy about the indication of including the gene in routine clinical genetic testing, due to the lower prevalence or the absence of mutations found in subsequent studies. Here, we present the results of a comprehensive mutational screening of the RAD51C gene in a large series of 785 Spanish breast and/or ovarian cancer families, which, in contrast to the various subsequent studies published to date, includes the functional characterization of suspicious missense variants as reported in the initial study. We have detected 1.3% mutations of RAD51C in breast and ovarian cancer families, while mutations in breast cancer only families seem to be very rare. More than half of the deleterious variants detected were of missense type, which highlights their significance in the gene, and suggest that RAD51C mutations may have been so far partially disregarded and their prevalence underestimated due to the lack of functional complementation assays. Our results provide new evidences, suggesting that the genetic testing of RAD51C should be considered for inclusion into the clinical setting, at least for breast and ovarian cancer families, and encourage re-evaluating its role incorporating functional assays.
INTRODUCTION
Only around 25% of the inherited susceptibility to breast cancer is explained by germ-line mutations in the highpenetrance susceptibility genes BRCA1 and BRCA2 (1 -4). Apart from those, mutations in genes such as TP53 and PTEN have been linked to a high risk for breast cancer within well-defined cancer syndromes (5, 6) . Germ-line mutations in other genes, such as CHEK2 (7), ATM (8) and more recently the Fanconi anemia (FA) genes BRIP1/FANCJ and PALB2/FANCN (9,10), have been found to confer small but distinct risks for breast and other cancers. The clinical significance of those risk alleles is under debate as they account altogether for less than 5% of hereditary cases of breast cancer, in some instances are restricted to distinct ethnic groups or populations, and the risk they convey generally ranges between no more than 2-and 4-fold, all of which makes them faint targets for genetic assessment. Only the most frequent mutations in the CHEK2 gene, 1100delC and EX9_10del (also designated as del5395), have been associated with clinically meaningful risks in a familial context, and their * To whom correspondence should be addressed at: Human Cancer Genetics Group, Human Cancer Genetics Programme, Spanish National Cancer Research Centre, C/Melchor Fernández Almagro, 3, 28029 Madrid, Spain. Tel: +34 917328000; Fax: +34 912246980; Email: aosorio@cnio.es integration into early recognition programs has been recently indicated (11) .
An important finding was published by Meindl et al. (12) , showing that heterozygous mutations in the FA gene RAD51C (13) were able to confer an increased risk for breast and ovarian cancers. What attracted particular interest is that mutations in RAD51C seem to be highly penetrant in breast and ovarian cancer families, suggesting the possibility of a third high-risk gene predisposing to these types of cancer.
After this role of RAD51C was recognized, several studies have been performed in different populations trying to confirm that finding. At least eight studies have been conducted in series each including 100 or more patients of various origins, showing divergent results. While in four of these studies, undertaken in families from the USA (14, 15) , Canada (enriched in Jewish and French-Canadian ethnic origin) (16) and China (17) , high-penetrance RAD51C mutations could not be detected, in three most recent Spanish, Finnish and Swedish series, truly truncating mutations were identified in the gene (18) (19) (20) . In the Finnish study, two putative RAD51C founder mutations were observed to confer a moderate-to-high risk for ovarian cancer. Finally, the most extensive study published to date reported 0.6% truncating mutations in a series of 1388 Australian breast and/or ovarian cancer families (21) . These latter results confirmed the role of RAD51C as a susceptibility gene in breast/ovarian and ovarian cancer only families, at least for specific populations, but on the other hand suggest that the prevalence of these mutations may be lower than stated in the initial report (10) .
Notably, in all of the mentioned studies, a considerable number of unique RAD51C missense variants were observed in the gene, which were not further assessed for pathogenicity and discounted. Given the fact that in the first report by Meindl et al. (12) , one third of the deleterious RAD51C sequence alterations were missense mutations, we cannot rule out the possibility that RAD51C mutations in these studies may have been partially disregarded and their prevalence underestimated. As we might be potentially facing with RAD51C, a high-risk breast and ovarian cancer susceptibility gene, there is an urgent need to clarify its role in a more comprehensive manner. Here, we have investigated a large series of 785 Spanish breast/ovarian cancer families for all types of mutations in RAD51C. We have detected four novel mutations and one previously reported (19) , all of them in non-BRCA1/ BRCA2 families. Three of the novel mutations were missense variants, whose DNA repair-impairing character was demonstrated by functional assay. Our results convey and extend the significance of RAD51C mutations in breast/ovarian cancer families and highlight the necessity of assessing the pathogenicity of the missense variants occurring relatively often in this gene.
RESULTS

RAD51C gene variants
The whole coding sequence and exon-intron boundaries of the RAD51C gene were analyzed in the index cases of 485 breast only and 300 breast and/or ovarian cancer non-BRCA1/2 Spanish families. A total of 17 variants were identified; those found in the Hospital Clínico San Carlos (HCSC) series have previously been reported by Romero et al. (19) , as indicated in Table 1 . Seven of the 17 variants were considered neutral either because they had a reported frequency in CEU (http://www.ncbi.nlm.nih.gov/SNP/) or were located at intron positions where they were not predicted to affect the splicing process. Ten of the variants were unique and classified as either clearly deleterious or of unknown clinical significance (Table 1) . Prior to functional assays, two truly pathogenic variants were sorted out, c.414G.C; p.Leu138Phe and c.774delT; p.Arg258fs. These were directly considered deleterious mutations, since the former had previously been demonstrated to affect protein functions (12, 22) and the latter resulted in protein truncation and had previously been reported as mutation by Romero et al. (19) . Of the other eight unique non-synonymous changes, three, c.404G.A, p.Cys135Tyr; c.428A.G, p.Gln143Arg; and c.656T.C, p.Leu219Ser, were inferred to be potentially damaging based on predictions made by SIFT (23) and PolyPhen (24) and the degree of conservation among the RAD51 paralogs ( Fig. 1 ). p.Gln143Arg had previously been reported as an unknown significance variant by Romero et al. (19) but no functional assays had been performed to assess its pathogenicity. These are presented herein.
In terms of the type of mutation, c.404G.A affects the last nucleotide position of exon 2 and is predicted to destroy the splice donor site of intron 2 by three splice site prediction algorithms integrated in the software Alamut 2.0 (SpliceSiteFinder-like, MaxEntScan and NNSPLICE). This variant might be a splice rather than a missense mutation. As a second blood sample of the corresponding patient was not available and studies at the RNA level were not feasible, splicing studies could not be performed. Thus, we set forth to characterize the above three novel RAD51C variants as missense mutations, including c.404G.A (p.Cys135Tyr) in case it might not be a fully acting splice site mutation.
Characterization of missense mutations
Proficient RAD51 foci formation functionally assesses the potential of cells to exert homology-directed DNA repair (25) . As shown by Vaz et al. (13) , SH2038-F primary fibroblasts deficient of RAD51 foci formation (2.8 + 2.2% foci-positive cells compared with 31.6 + 6.9% in normal controls) could be restored to normal by retroviral transduction with RAD51C wild-type cDNA (25.9 + 4.0% foci-positive cells). Thus, genetic complementation resulted in a functional correction. A similar approach, using site-mutated RAD51C cDNA, was taken by Meindl et al. (12) to assay the mutational character of RAD51C missense variants observed in breast/ovarian cancer families. Here, we followed a slightly modified procedure using large-T antigen-transformed SH2038-F fibroblasts, for which the range between uncorrected and corrected RAD51 foci rates is wider than for primary fibroblasts, and we employed transfection rather than transduction techniques which proved to be less time-consuming. The expression vector pCMV-Tag3bRAD51C (Supplementary Material, Fig. S1 ) was able to complement RAD51C-deficient cells, whereas the matched vector, containing RAD51B cDNA, was not (Table 2 ). Three categories of cells resulted from our expression assay: first, native normal control cells and RAD51C-deficient cells complemented with wild-type RAD51C had .50% nuclei with ≫10 RAD51 foci per nucleus ( Fig. 2A) . Second, an intermediate class of RAD51C-deficient cells expressing RAD51C variants showed ,50% RAD51 foci-positive nuclei with reduced numbers of foci per nucleus (Fig. 2B) . Third, uncorrected or mock (RAD51B)-transfected RAD51C-deficient cells had a minimum rate of RAD51 foci-positive nuclei and greatly reduced numbers of RAD51 foci per nucleus (Fig. 2C) . Quantitative evaluation of the results with the three novel missense variants, c.404G.A (p.Cys135Tyr), c.428A.G (p.Gln143Arg) or c.656T.C (p.Leu219Ser), expressed in RAD51C-deficient SH2038-F fibroblasts, is shown in Figure 3 . None of these variants were able to restore RAD51 foci formation close to normal controls and hence complement the cells. All rates of RAD51 foci-positive cells that the variants were able to produce were significantly less than the proportion of cells corrected by wild-type RAD51C cDNA. Thus, they were all considered deleterious sequence variants and authentic mutations. While p.Cys135Tyr and p.Gln143Arg were still able to engender intermediate rates with less than half of RAD51 foci-positive cells compared with wild-type cDNA, c.656T.C (p.Leu219Ser) yielded virtually negative rates. Numerical (number of foci-positive cells) and morphological (number of foci in nuclei of positive cells) assessment of RAD51 foci formation with the missense variants and positive and negative controls are summarized in Table 2 . These results confirm each other and provide combined evidence that the three missense variants compromise the DNA repair capacity of RAD51C, consistent with the definition of missense mutations.
Segregation analysis
Extended pedigrees of the patients harboring the five deleterious variants in RAD51C are shown in Figure 4 and detailed below.
p.Cys135Tyr ( Fig. 4A ) was detected in a woman affected with breast at 64 and bilateral ovarian cancer at 73 years of age, who had a sister affected with ovarian cancer at 54 and a maternal cousin with breast cancer at 47. p.Leu138Phe ( Fig. 4B ) was observed in a patient diagnosed with bilateral ovarian cancer at 62 years who had two sisters affected with breast cancer at 37 and bilateral breast cancer at 64 and 72. In this case, we were able to confirm the segregation of the mutation with the disease in the sister affected with bilateral breast cancer. p.Leu138Phe had been reported by Meindl et al. (12) in a German breast and ovarian cancer pedigree, but the Spanish patient did not report German ancestors. Pathogenicity of this variant has recently been confirmed by functional assays (22) .
p.Leu219Ser ( Fig. 4C ) was found in a breast cancer patient diagnosed at 44 who had a sister and her mother affected with In this case, a specific screening by denaturing high performance liquid cromatography (DHPLC) was performed in a series of 550 controls of the general population that were all found to be negative, confirming the pathogenicity of the variant.
breast cancer at 60 and 63 years of age, respectively, and another sister affected with breast and ovarian cancer at 40 and 50 years. The sister affected with breast cancer at 60 was also carrying the variant. c.774delT (Fig. 4D ) has previously been published by Romero et al. (19) and was identified in a woman affected with breast cancer at 36 years of age. We were able to confirm that the variant was inherited from her mother, who had a sister affected with ovarian cancer at 58. Interestingly, the patients' mother was Swedish and this mutation has recently been observed in a Swedish breast and ovarian cancer family, suggesting that it might be a recurrent or a founder mutation in that population (20) .
p.Gln143Arg has also been reported by Romero et al. (19) and occurred in a breast cancer only family (Fig. 4E) . The index case developed bilateral breast cancer at 56 years of age. She had a sister affected with breast cancer at 36 years of age. The patient's mother had been diagnosed with breast cancer at 74 years but it was not possible to asses her carrier status. There was not any information available about the patient's paternal branch.
Carrier manifestations, epidemiology and features of the RAD51C-associated tumors
We were able to test three other women in addition to the index patients (eight women in total) for the presence of the corresponding RAD51C familial mutation, and they were all mutation carriers. Considering the eight carriers, all except one were affected with cancer, three of them with breast cancer, two with bilateral breast cancer, one with bilateral ovarian cancer and one with breast and bilateral ovarian cancer. The only unaffected carrier was the mother of the index case in the family carrying the c.774delT mutation (Fig. 4D ) who was cancer-free at 70 years of age.
The mean age of onset at the first diagnosis of the carrier patients was 46.28 years (range: 36 -64) for breast cancer, which is lower than the mean age for their counterpart sporadic tumors, but higher than in BRCA1 and BRCA2 mutation carriers, being 43.6 and 42.8 years, respectively, in Spanish population (1) . In terms of ovarian cancer, the mean age of onset is 52 and 55 years for BRCA1 and BRCA2 mutation carriers in Spanish population, respectively, and 62 years for sporadic cases (I. Muñoz et al., submitted). The present study includes only two patients affected with ovarian cancer who were confirmed RAD51C mutation carriers. They were diagnosed at 73 and 62 years of age, respectively, and in both cases, the affectation was bilateral.
Clinico-pathological characteristics of the RAD51C-associated tumors are shown in Table 3 . These tumors did not share any distinctive feature, except that all breast cancer cases were ductal infiltrating and negative for HER2. The two ovarian cancer cases were serous and high grade.
DISCUSSION
Since the identification of BRCA1 and BRCA2 more than 15 years ago, no other high-penetrance susceptibility genes had been found to be specifically involved in the hereditary breast and ovarian cancer syndrome. This appeared to change when Meindl et al. showed in 2010 (12) by a combination of genetic and functional assays that highly penetrant mutations in the RAD51C gene occurred in 1.3% of breast and ovarian cancer families. This exciting finding has motivated the initiation of various subsequent studies during the last months, trying to confirm the observation in different populations. However, some have failed to detect clearly deleterious mutations in RAD51C (14 -17), and others have reported highly penetrant mutations in a lower percentage than the described in the initial study (18) (19) (20) (21) .
Here, we present the results of a comprehensive mutational screening of the RAD51C gene in a large series of 785 Spanish breast and/or ovarian cancer families. In contrast to the various studies published to date, suspicious missense variants were characterized for pathogenicity using the same functional assays performed in the study by Meindl et al. (12) , with slight technical modifications. Altogether five deleterious sequence variants were detected. Notably, three of them, p.Leu138Phe, p.Gln143Arg and p.Leu219Ser, were missense mutations, while one, c.774delT, was a truncating mutation, and p.Cys135Tyr does not only cause a functionally impaired protein, but is also predicted to produce a transcript that is prone to aberrant splicing. Consistent with the observation of Meindl et al. (12) , four of the mutations were found in breast and ovarian cancer families. According to this figure, the percentage of Spanish breast and ovarian cancer families associated with mutations in RAD51C is 1.3% (4 of 300), which is the same as that found in the German study (12) . If 
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functional studies for missense mutations had not been done and this type of mutation had been disregarded, we would have reported a percentage of 0.6% at the most to be linked to RAD51C, based on the presence of the truncating mutation c.774delT and the prediction of p.Cys135Tyr as a splice-site mutation. Therefore, our results confirm that missense mutations are definitely relevant in the case of RAD51C and that the prevalence of mutations reported so far has been underestimated by the lack of functional assays. Clearly, the proportion of missense mutations varies greatly from gene to gene. There are genes that are largely tolerable to missense changes so that virtually no missense deleterious mutations occur therein. An example for absent missense mutations would be the gene encoding FANCF, which has been termed 'a flexible adapter protein' because of this characteristic (26) . Conversely, there are genes such as PYGL, in which a majority of affected alleles (68 -80%) reveal missense mutations, resulting in glycogen storage disease type VI, McArdle disease, inherited as an autosomal recessive trait. This could also be the case of RAD51C and other genes connected to DNA repair (27) .
The characterization of the four RAD51C missense mutations reported in this study is based on three consecutive approaches: (i) the demonstration of evolutionary conservation of the original amino acid among RAD51 and its five paralogs (Fig. 1), (ii) the usage of prediction programs for the pathogenicity of a substitution (23, 24) and, most importantly, (iii) the expression of the variant in functional complementation assay (Figs 2 and 3) . With the conservation of an amino acid in at least three members of RAD51 or paralogs and the prediction of pathogenicity of a substitution via the two in silico programs SIFT and PolyPhen, the functional significance of missense variants could be confirmed by the functional assay in all cases.
As also recognized in other studies, RAD51C mutations seem to be more or less restricted to breast and ovarian cancer families (Fig. 4A -D) . Only one of the five index cases, in which an RAD51C mutation was detected (p.Gln143Arg), did not have ovarian cancer herself nor had any relative (Fig. 4E) (19) . However, in contrast to Pelttari et al. (18), we did not observe a preponderance of ovarian cancer compared with breast cancer in our families and it seems therefore not justified to reduce RAD51C to a predisposing gene for ovarian cancer. Notably, Thompson et al. (21) recently reported several missense variants in the RAD51C gene, which were detected in breast cancer only families and which were in silico predicted to affect protein function. Currently, we are testing whether their prognosticated pathogenicity can be substantiated by the assay employed within this study.
It is noteworthy that four of the seven affected women who were shown to be RAD51C mutation carriers developed bilateral tumors, either breast or ovarian, including one patient diagnosed with breast cancer at 64 years of age and bilateral ovarian cancer at 74 (Fig. 4A) . Regarding all pedigrees, there was only one family, (c.774delT, Fig. 4D ), which did now show any member with a bilateral tumor. The association of RAD51C mutations with the development of two or more tumors has previously been suggested in a large study performed in Australian population, where two of three truncating mutations identified in the RAD51C gene were observed in women diagnosed with both breast and ovarian cancers (21) .
In terms of the age of onset, the mean for breast cancer in RAD51C mutation carriers was 46.28 years, which is intermediate between the age of onset in BRCA1 and BRCA2 mutation carriers and their sporadic counterparts in Spanish population (1) . This is consistent with the observation by Meindl et al. (12) , who reported very similar figures in German population. Also consistent with the reports by Meindl et al. (12) and Pelttari et al. (18) are the facts that all breast tumors in our study were ductal and in general poorly differentiated, with no consistency for the hormonal status. The four breast tumors, for which we had information on the HER2 status, had a negative score, which again coincides with the initial study by Meindl et al. (12) , where six breast tumors, in which the HER2 status was assessed, were negative for this marker. However, the investigation of a larger number of RAD51C mutation-associated breast tumors are necessary to confirm whether negativity for HER2 could be a typical feature of RAD51C-associated tumors as it has been described for BRCA1-and BRCA2-related breast cancers (28) .
In summary, we have detected 1.3% mutations of RAD51C in a large series of Spanish breast and/or ovarian cancer families (4 of 300), while mutations in breast cancer only families seem to be very rare (1 of 438). More than half of the mutations detected were of missense type, which highlights the significance of such mutations in the RAD51C gene, only recognized by functional complementation assays. Mutations in RAD51C might be associated with the occurrence of bilateral tumors or primary cancers of different types, but further studies are required to confirm our observations. These are new and enough evidences, suggesting that the genetic testing of RAD51C should be included into the clinical setting, at least for breast and ovarian cancer families, and a re-evaluation of its role incorporating functional assays is needed.
MATERIALS AND METHODS
Non-BRCA1/2 families
Index cases from 785 Spanish breast and/or ovarian cancer families recruited through the Spanish National Cancer Centre (CNIO) (n ¼ 293) and HCSC (n ¼ 492) were included in the present study, some of them reported previously (1, 2, 19) . Four hundred and eighty-five families were breast cancer only, showing either one breast cancer at age ≤35 with no other family history or at least two first-degree relatives diagnosed with breast cancer at least one of them at age 50 or younger. Three hundred families fulfilled the same criteria but included at least one ovarian cancer case. DNA isolated from peripheral blood of the 785 cases, had been fully screened for mutations in BRCA1 and BRCA2 by a combination of denaturing high performance liquid cromatography (DHPLC), high resolution melting (HRM) and direct sequencing and was judged to be negative (1, 29, 30) . This study was approved by the local Medical Ethical Committee. Informed consent was obtained from each participant. Personal and cancer family histories were obtained from the proband and participating relatives. Cancer diagnoses and deaths were confirmed by reviewing medical records, pathology reports or death certificates.
Controls
DNA samples from 550 women collected from the Spanish College of Lawyers aged between 25 and 65 and without personal or familial antecedents of any type of cancer were analyzed to establish the frequency of some of the RAD51C variants in the general population.
Molecular analysis of the RAD51C gene DNA was isolated from blood leukocytes of the 785 index cases and 500 controls using MagNA Pure LC Total Nucleic Acid Extraction. DNAs from HCSC were screened by HRM using primers and methods described previously (19) . For the screening performed at CNIO, nine primer pairs were designed to amplify the nine coding exons, exon -intron boundaries and part of the 5 ′ and 3 ′ untranslated regions (UTR) of the RAD51C gene (NM_058216.1) using the program Primer 3 (http://frodo.wi.mit.edu/cgi-bin/primer3/ primer3_www.cgi) (primer sequences available upon request). The polymerase chain reaction products were analyzed by DHPLC on the WAVE HT system (Transgenomic, Omaha, NE, USA) using an acetonitrile gradient and were scrutinized for aberrant profiles with the Navigator TM software (Transgenomic). Samples representative of each abnormal DHPLC pattern were bidirectionally sequenced using the Big Dye Terminator Cycle sequencing kit and a 3730 automated sequencer (ABI Perkin Elmer). All variants not previously described were confirmed by re-sequencing of a fresh aliquot from stock DNA.
Functional characterization of RAD51C missense variants
Human full-length RAD51C cDNA (Ensembl Transcript ID ENST00000337432, RAD51C-001) was directionally EcoR1 . XhoI cloned into the mammalian expression vector pCMV-Tag3b (Stratagene) to result in the complementation vector pCMV-Tag3bRAD51C (Supplementary Material, Fig. S1 ). The RAD51C insert contained the synonymous single nucleotide polymorphism, c.216A.G (p.K72K). As a control, RAD51B cDNA was cloned in the same way. Putatively deleterious sequence variants observed in breast/ ovarian cancer families were introduced into the wild-type RAD51C sequence using mismatch primers and PfuUltra II Dna polymerase (Agilent). All site-mutated inserts were verified by sequence analysis. Following plasmid preparation, the different varieties of the RAD51C vector were transfected into the large T antigen-transformed RAD51C-mutant cell line SH2038-F (human fibroblasts derived from a patient with FA, carrying a homozygous mutation of RAD51C, c.773G.A; p.R258H) (13) . For that purpose, the fibroblasts were seeded into slide flasks (Nunc) at a confluency rate of 50-80%. The growth medium was changed to 1.5 ml of minimum essential medium alpha (a-MEM) containing 5% fetal calf serum (FCS) 30 min before transfection. At the same time, we prepared a transfection mixture consisting of 300 ml of a-MEM with 5% FCS, 6 ml of plasmid DNA (100 ng/ml) and 6 ml of X-tremeGENE HP DNA Transfection Reagent (Roche). Following incubation at retro transcription, the mixture was added dropwise to each flask while pivoting them gently. G418 selection at a final concentration of 600 mg/ml was started 36 h later. After 2 weeks with frequent changes of the medium, the selection was complete and we obtained cell lines stably expressing wild-type RAD51C, its missense variants or RAD51B. These transfectants were exposed to mitomycin C (40 ng/ml) for 15 h. Thereafter, cells were fixed with 100% MeOH for 30 min at 2208C, permeabilized with 2208C, cold acetone for 5 s and washed in PBS. The slides were blocked with 0.5% FCS in PBS for 1 h, exposed to a rabbit polyclonal anti-RAD51 antibody (ab63801; Abcam) at a dilution of 1:800 for 30 min, washed again and exposed to Alexa Fluor w 594 F(ab')2 fragment of goat anti-rabbit IgG (H + L) (A11072; Invitrogen) at a dilution of 1:2000 in blocking buffer for 30 min. After final washing, the cells were counterstained with 4 ′ ,6-diamidino-2-phenylindole in Vectorshield Mounting Medium (Vector Laboratories). We determined the percentage of foci-positive cells (more than 10 RAD51 foci per nucleus) visually on a Zeiss Axio Imager A1 fluorescence microscope, thereby assaying the capability of the RAD51C variants to restore deficient RAD51 foci formation in the RAD51C-mutant cell line. For each experiment, 100 nuclei were analyzed. Recorded was the percentage of RAD51 foci-positive cells for each variant, compared with mock (RAD51B)-transfected and wild-type RAD51C-transfected cells. Also considered were the number and size of RAD51 foci in positive nuclei.
The functional assay was performed with two other RAD51C-deficient cell lines, the Rad51c-deficient hamster cell line irs3 (31) treated in the same way or with the human lymphoblast line SH2038-L (c.773G.A, p.R258H) (13) with cells of the latter attached to slides by cytocentrifugation (data not shown). The results obtained were in agreement with that accrued from studies of SH-2038 fibroblasts, although the latest were the most discriminatory and therefore form the basis of our present study.
